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RAO, S. C., SAXENA, R B., PACHEPSKY, L. B. and REDDY, V. R. Modeling Pigeonpea 
Phenology. International Journal of Biotronics 31, 85-100, 2002. Pigeon pea [Ca- 
janus cajan (L.) Millsp.1 is widely grown in tropical and sub-tropical ar- 
eas. However, we are not aware of any pigeonpea simulation model that can assist 
farmer decision-making. A phenological module is one of the major elements of 
., 
the crop model because an accurate prediction of the timing of growth stages is es- 
sential for correct modeling of physiological responses under variable field condi- 
tions. Phenological observations were conducted during 7 years on 14 early 
maturing genotypes at three different locations, ICRISAT (17"32'N ; 7g016'E), Hissar 
(2g010'N ; 75"46'E), India, and El Reno (35"40'N ; 98"00W), Oklahoma, USA Mod- 
els of rates of vegetative and reproductive development of pigeonpea, as depend- 
ences of phenological characteristics on temperature and photoperiod were 
developed, parameterized for these three locations and tested with the published con- 
trolled environment experimental data. The dependencies of rates of development 
on temperature were linear and contained two parameters. The relationships of 
rates of both vegetative and reproductive rates of development with photoperiod 
were nonlinear with five parameters, one of which was a function of location. All of 
these parameters can be determined by a routine optimizing procedure for any 
other location. The analysis showed that interactions between two major factors of 
pigeonpea development, temperature and photoperiod are essential and are to be ac- 
counted for in the model. 
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INTRODUCTION 
Pigeon pea is  a crop of vital importance in tropical countries, especially in India, 
Nigeria, and Ghana where it i s  used not only as a major source of protein in human 
diets but  also as forage for livestock (8). It is  also cultivated in Australia, USA, I n d e  
nesia, and some countries of South America because of its nutritional qualities and 
drought tolerance (4). 
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Pigeonpea phenology is strongly affected by temperature (5, 6, 13) and photope- 
riod (11). Omanga et  al. (11) noted that field observations of flowering in pigeonpea 
were usually interpreted mostly in terms of reactions to photoperiod (15, 16). The 
vegetative stage becomes longer when photoperiod exceeds a genotype-specific value 
(2, 7, 17). Omanga et al. (11) emphasized that the effect of temperature on the 
rates of pigeonpea development can be similar in magnitude to those of photope- 
riod. Phenological studies in the controlled environments conducted by Ellis et  al. 
( 4 ,  Summerfield and Roberts (19), and by McPherson et  al. (9) have coniirmed 
it. Turnbull et al. (19) in the controlled environment studies showed that warm (>28 
"C) and cool (<20°C) temperature delay flower initiation and that the optimal tempera- 
ture for flowering early maturing types is close to 24°C. 
Pigeonpea has been studied less than other legumes. A growth simulation model 
for pigeonpea as a module of APSIM model (lo), has been recently published by Rob 
ertson et al. (14 .  It has not been described in detail, especially its phenological com- 
ponent Phenological module is an essential part of any crop model and a reliable 
basis for modeling physiological responses under variable field conditions. The data 
of field phenological observations for fourteen early maturing genotypes collected in 
three distinctly different locations, ICRISAT (17'32'N ; 78"16'E), Hissar (2g010'N ; 75" 
46'E), India, and El Reno (35'40'N; 98"001W), Oklahoma, USA allowed us to model 
the phenology of pigeonpea. 
The objectives of this study were (1) to analyze the dependencies of pigeonpea 
phenological characteristics on the major environmental factors, (a) temperature, (b) 
photoperiod, and (c) precipitation, (2). to develop a model of pigeonpea phenology for 
both vegetative and reproductive stages of development, and (3) develop an algorithm 
of parameterization of this model for any particular location. 
MATERIALS AND METHODS 
Phenological observations were conducted from 1988 to 1994 in three distinctly dif- 
ferent latitude locations, in the fields of ICRISAT, India (17'32'N; 7go16'E) Hissar, In- 
dia (2g01O'N ; 75"46'E, elevation 215 m), and Grazinglands Research Laboratory, USDA- 
ARS, El Reno, Oklahoma, USA (35'40'N; 98"OW, elevation 414m). Meteorological ob- 
servations were made by standard meteorological stations located at the experimental 
field or less then lOOm from the sites of observations. 
The field experimental scheme is  shown in Table 1. Fourteen pigeonpea geno- 
types were studied in ICRISAT and Hissar, India, and the cultivar ICPL87 was ob- 
served for three years in M Reno, Oklahoma, United States. No irrigation was 
provided for the crops in all three sites. In ICRISAT and Hissar /lie cxperjmental 
plots were placed on Ali'isols (Udic Rhodustalf) soil, and in El Reno the experimental 
fields were located on sandy loam Mollisols soil. Planting dates were different for dif- 
ferent locations @'able 1) because of differences in climate conditions. All genotypes 
were planted between 18 and 21 of June in ICRISAT In Hissar, there were 10 days 
differences in planting dates between 1988 and 1989, because of a drought in June 
1989. All three dates of planting were different in El Reno (Table 11, because the 
weather conditions were much more variable from year to year in Oklahoma than in 
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Table 1. Scheme of field experiment conducted in three locations with various 
pigeonpea genotypes. Planting dates are shown in a numerator, yield, kg ha-', is 
given in a denominator. 
Genotype ICRISAT, India, 17"32'N Hissar, India, 2go10'N El Reno, OK, 35'40'N 
s 1988 1989 1991 1992 1993 1988 1989 1992 1993 1994 
,As,2o Jz Junn J June19 June20 JLIJOJ 
- - - 
1122 2220 2029 2948 
both locations in India. 
Phenological observations were conducted according to the same protocol in all 
three locations during all years of observation. After 50% flowering (when 50% of 
the plants had at least one flower) plants were inspected on alternate days. In both 
ICRISAT and Hissar the observations were conducted on three plots of 2.16 
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m2. Plants were planted in rows 4 m  long with 60cm distance between rows. In El 
Reno the observations were made on plots of 18m2, where row length was 6 m  and 
row spacing was 60cm, in three replicates as well. An average plant population var- 
ied from 60,000 to 80,000 plants/ha. 
Phenological characteristics, duration of the vegetative, D, and reproductive, Dm, 
stages and of the whole period of growth, D,.,,olr, all in days, as well as heat units for 
the same periods, H, Hm, and HMe were observed and calculated. To predict plant 
growth duration as well as the duration of the particular phenological stages as func- 
tions of temperature, heat units (thermal time), H, dd (degree-days), are usually used: 
x=$tz-2, [ll 
where T. is daily mean air temperature, Tb is the base temperature, n is the num- 
ber of days of observation (13). The base temperature was estimated in (1) as equal 
to 13°C. 
ANOVA analysis was used to determine the factors affecting the durations and 
the heat units of vegetative and reproductive stages. To roughly estimate the effect 
of water availability on pigeonpea development, relations of the phenological character- 
istics to the sum of precipitation were studied using regression and correlation analy- 
sis. 
Models' equations were developed on the basis of this preliminary statistical analy- 
sis. Linear, exponential, hyperbolic, logistic, and polynomial equations were tested, 
and the best ones, statistically justified, have been chosen. A modified Marquardt al- 
gorithm was used to obtain parameter values that minimized the lack-of-fit mean 
square and to estimate standard errors of the parameters. An unbiased estimator of 
the model's standard error, s, (12) is the following: 
where Ri,h is the average value of R found the ith observation, Ri,mr, is the average 
value of R estimated for the ith observation from equations of the model depending 
on which equation is being fitted to the data; N is the total number of observed aver- 
age values of R ;  mi is the number of replications of the observations at the ith aver- 
age value of R ;  and K is the number of parameters in the equation being fitted. We 
used a version of the algorithm published by Van Genuchten (21). Having the stan- 
dard errors of the parameters available allowed testing for significant differences be- 
tween parameter values. 
To assess the adequacy of the models, we employed criteria based on a statistical 
comparison of the lack-of-fit mean square s? and the pure error s: (12). The latter 
is estimated as 
where M is the total number of observations and R",& is the jth observation made to 
obtain the ith average value of R. The hypothesis that s: is equal to szis then 
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tested. The value of the F-ratio given by the equation 
is then compared with the value of F N - K , M - N  fi.e., the F-distribution value at a given 
level of significance). If F<FN-K. M-N, the hypothesis that the model is adequate can be 
accepted. 
RESULTS AND DISCUSSION 
A significant difference in photoperiod dynamics between the three locations (Fig. 
1) allowed us to study the effect of this factor on phenological characteristics. The 
longest days among the three sites were in El Reno during the vegetative and the 
early part of the reproductive stages of pigeon pea development. After the equinox, 
the day length was shorter than that in ICRISAT and Hissar. At solstice, a photope- 
riod in El Reno was almost 1.5 hours greater than in ICNSAT and about 0.6 hours 
longer than in Hissar (Fig. 1). 
Weather conditions were significantly different for the three locations (Table 
2). In ICRISAT, the air temperature demonstrated a quite stable pattern during all 
five years of observations. Maximum temperature during the whole growing season 
was in a range from 25 to 35°C with few exceptions, with a mean close to 30°C. Mini- 
mum temperature varied in a range from 20 to 25T, with a mean close to 23 
"C. Minimum temperature fell under 20°C after October 7 when the growing season 
ICRISAT, 17'32'~ 
Hissar, 2 ~ ~ 1 0 ' ~  
El Reno, 35 '40 '~  
Julian days 
I I I 
200 220 240 260 280 300 320 
June 1 July 1 August 1 September 1 October 1 November 1 
Fig. 1. Changes in daylength in three experimental locations during a pigeon- 
pea growing season calculated for the corresponding latitude. 
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Table 2. Air temperature (maximum, T,,, minimum, Tmi., and mean daily, T.,., 
values), "C, and sums of precipitation, C., mm, for periods of pigeonpea growth at 
three locations of field experiments. 
Years Tm, T,i. T--. Z 
ICRISAT 
Hissar 
1989 42.1 7.0 28.0 101.0 
El Reno 
was already over. Precipitation in ICRISAT occurred regularly during all five years of 
observations. The sum of precipitation in 1988 and 1989 were about 1.6 fold higher 
than that in 1992-1994 (Table 2). In Hissar the temperature regime was quite similar 
in 1988 and 1989. The maximum temperature was higher than in ICRISAT varying 
between 30 and 40°C. The minimum temperature ranged from 23 to 30°C during the 
vegetative stage. It was over 20°C during the first half of the reproductive stage and 
then fell down to 15°C in 1988 and to 12°C in 1989. There was a remarkable differ- 
ence in the amount of precipitation between 1988 (613mm) and 1989 (101 mm) (Table 
2). In El Reno meteorological observations were carried out only during the vegeta- 
tive stage. Both maximal and minimal temperatures varied in much wider ranges 
than in both ICRISAT and Hissar. The pattern of the temperature regime was differ- 
ent in 1992, 1993 and 1994. Precipitation in El Reno ranged from 200mm in 1994 to 
366 mm in 1993 (Table 2). 
Mean and extreme values of the measured and calculated phenological characteris- 
tics are shown in Table 3. ANOVA analysis showed that a location was a significant 
factor for all characteristics except the duration, D,., and the heat unit, H,,, of repro- 
ductive stages for some genotypes. There was a significant difference in duration and 
heat unit of vegetative stages, D, and H,,, between cultivars ICPL-4, ICP1-87 and 
MANAK, and no significant difference between other cultivars. For both D,, and H,., 
there was no significant differences between cultivars. 
For all cultivars and lines, the duration of the vegetative period was longer in His- 
sar than in ICRISAT (Table 3). The longest was the duration of the vegetative stage 
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Table 3. Maximum, minimum, and mean values of phenological characteristics 
(described in the text) of pigeonpea genotypes at various locations. 
ow, Hw, Db", Hm, D~de ,  H,,, 
days degree-days days degree-days days degree-days 
ICRISAT 
Maximum 71.9 963 48.5 687 116 1563 
Minimum 53 699.2 37.4 486 96 1253.9 
Mean 65.6 863 43.3 557.9 104.35 1966.3 
Hissar 
Maximum 76.5 1352.4 54.5 682.2 130.5 1964.2 
Minimum 54 944.1 29.5 429.3 101 1626.3 
Mean 70.4 1238.4 44.8 593.8 115.1 1841.9 
El Reno 
Maximum 101.9 1479.4 - - - - 
Minimum 85.5 1085.4 - - - - 
Mean 93.7 1282.4 - - - - 
of ICPL-87 in El Reno, 94 days, exceeding that of the same genotype in ICRISAT by 
23% and in Hissar by 18%. The total heat units for the vegetative stage for all com- 
pared genotypes were about 30% greater for Hissar than for ICRISAT Unlike the du- 
ration of the vegetative stage, the sum of heat units in El Reno was 25% higher than 
in ICRISAT but 3% lower than in Hissar (Table 3). 
To estimate the effect of water availability on pigeonpea development, relations of 
the phenological characteristics with the sum of precipitation were studied. Table 4 
presents the results of the regression and correlation analysis. The results were 
quite different for the vegetative and reproductive stages. Both the duration, D, and 
the heat unit, H,, of the vegetative stage were in a significant and strong correlation 
with the sum of precipitation during the corresponding period. All slopes of the re- 
gression equations were of the same order of magnitude, except for Hissar-89, where 
the amount and sum of the precipitation were very low as compared with all other 
treatments. For the reproductive stage, there were only two significantly different 
from zero coefficients of correlation, both Dm and H, correlated with the sum of pre- 
cipitation C in ICRISAT in 1991, r2=0.81, and 0.69, respectively. Therefore, precipita- 
tion affected mostly the vegetative stage of the pigeonpea development. 
Fig. 2 presents the dependencies of rates of vegetative development on tempera- 
ture and photoperiod. The latter affected the rates of development significantly; a re- 
lation between rates of development and temperature was weak because the influence 
of photoperiod obscured these dependences. Therefore, the model should account for 
both factors simultaneously, in their interactions. Besides, the effect of location (pre- 
cipitation) had to be accounted for in the model. 
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Table 4. Coefficients a and b of the linear regressions Y=aX+b where Y 
stands for pigeonpea durations of vegetative and reproductive stages, D, and D,., 
days, and heat units H, and H,, degree-days, and X is the sum of precipitation, 
C ,  mm, during the corresponding periods; is a coefficient of determination, values 
with asterisk are significantly different from zero. 
Locations Dw Hm 0, ffP 
and years a b r2 a b rZ a b r2 a b rZ 
ICRISAT-88 0.08 25.27 0.89' 1.01 375.2 0.89' -0.04 64.6 0.31' -0.36 767.2 0.21 
ICRISAT-89 0.22 -56.68 0.97' 3.0 -841.44 0.98' -0.02 48.8 0.01 -0.08 588.11 0.01 
ICRISAT-91 0.39 -91.47 0.88'4.7 -1023.4 0.85' 0.07 29.31 0.81' 0.93 424.0 0.69' 
The following model has been suggested : 
R,= (Bi+ B4 x PhP) x (T- td [51 
i=l for ICRISAT, i=2 for Hissar, i=3 for El Reno, 
where R, is the rate of vegetative development, l/d, PhP is photoperiod, hours, T is 
air temperature, "C, ta is the base temperature equal to 13"C, BL-B4 are the parame 
ters determined with our experimental data. Values B,, Bz, and B3 were determined 
with the data for ICRISAT, Hissar, and El Reno, respectively, i refers to the particular 
location. Table 5 shows the values of these parameters. 
Equation [51 expresses the linear dependencies of rates of vegetative develop 
ment on photoperiod and temperature in a nonlinear interaction (two linear functions 
multiplied). Fig. 3 shows a good correspondence between calculated and measured 
rates of vegetative development for all three locations, rB=0.99. 
Fig. 4 presents the dependences of rates of reproductive development on tempera- 
ture (a) and photoperiod (b) for ICRISAT and Hissar. The correlation between rates 
of reproductive development and temperature, rB=0.34, is significantly different from 
zero. The data for the group of cultivars in ICRISAT (closed circles) and for the 
group of lines seem to belong in the same set on the temperature plot and to slightly 
different sets on the plots for photoperiod. The dependence for ICNSAT on photope- 
riod appears to be much stronger than the dependence on temperature, r"= 
0.68. Nevertheless, both dependences seem to be complicated by the interactions be- 
tween two factors, temperature and photoperiod. Fig. 5 shows that the dependence of 
the rate of reproductive development on photoperiod is non-linear. The best result 
was obtained by fitting the data to the polynomial function: 
R,.= - 25.0 + 6.49 * PhP- 5.23 * PhP2 + 0.016 * PhP3 [61 
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Temperature, ' C  
Photoperiod, hours 
Fig. 2. Effect of temperature (a) and photoperiod (b) on rates of pigeonpea 
vegetative development for group of cultivars (closed circles, solid line) and group 
of lines (open circles, dotted line) in ICRISAT, and crops in Hissar (triangles and 
dashed line), corresponding values of the coefficient of determination values are 
marked with an asterisk if the value differs significantly from zero. Groups of culti- 
vars and lines are defined in Table 1. 
Currently, there is not enough knowledge to propose a physiologically meaningful 
function to simulate the effect of photoperiod on the rates of plant develop 
ment. Photoperiodism is controlled by phytochrome, related to the circadian rhythm, 
and interacts with a hormonal regulation system in the plant. These mechanisms, 
each studied rather qualitatively and for the species most convenient for experimenta- 
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Table 5. Parameters of the model of pigeonpea phenology, equations [5] and 
I71. 
Parameters Mean values Standard errors 
Vegetative stage 
BI (ICRISAT) - 0.0052 0.0016 
Bz (Hissar) - 0.0057 0.0017 
B3 (El Reno) - 0.0059 0.0017 
Reproductive stage 
Gl (ICRISAT) - 40.75 0.3*10-'2 
Gz (Hissar) - 39.2 0.3*10-'2 
Measured rates of development, l /d  
Fig. 3. 1 : 1 diagram for measured and calculated with the model 151 values of 
the pigeonpea development rates for the vegetative stage. Circles represent the 
crops in ICRISAT, squares correspond to the crops in Hissar, and triangles mark 
the crops grown in El Reno, rB=0.99. 
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23 24 25 26 27 28 29 
Temperature, OC 
11.2 11.4 11.6 11.8 12.0 12.2 12.4 12.6 
Photoperiod, hours 
Fig. 4. Effect of temperature (a) and photoperiod (b) on pigeonpea reproduc- 
tive development rates in ICRISAT (group of cultivars, closed circles, and group of 
lines, open circles) and in Hissar (triangles). Regression lines and rZ values de- 
scribe the data for ICRISAT only. Groups of cultivars and lines are defined in Ta- 
ble 1. 
tion, e.g., arabidopsis, are not yet studied well enough for the mechanistic model- 
ing. It appears that in the phenomenon of photoperiod effect, the processes of 
physical nature play more important role than the biochemical ones. Physical proc- 
esses related to light effects on plant are often irregular and stochastic. In this situa- 
tion, we have to use the empirical function, .a polynomial, and a goodness of fit as a 
leading criterion. To make a qualitative adequacy of the model better, one has to in- 
crease an order of this function; this, in turn, means increasing a number of model 
parameters. Then the reliability of the parameter values decreases. A third order of 
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Photoperiod, hours 
Fig. 5. Nonlinearity of the dependence of pigeonpea reproductive development 
rates on photoperiod. Points represent the whole set of the experimental data for 
all locations, years, and genotypes, a line is an approximation of the dependence by 
cubic function, equation [61. 
polynomial was chosen as satisfying the quantitative criterion, and it seems to be a rea- 
sonable compromise. 
The model for the rates of reproductive development based on this analysis can 
be presented by the following equation containing 6 parameters : 
Rgm= (Gi+ G3 * PhP+ GI * PhP2+ Gs * PhP3 * (Gs(T-tb)) [71 
i=  1 for ICRISAT, ii=2 for Hissar 
Parameter values are presented in Table 5. GI and G, the parameters accounting for 
locations, were significantly different. 
Fig. 6 shows the correspondence between measured and calculated rates of repro- 
ductive development of pigeonpea which is quite acceptable, rZ=0.99. Both models, 
[51 and [7], for vegetative and reproductive rates of development were estimated for 
adequacy using the methodology described above. For ICRISAT, Hissar, and El Reno 
locations, they are adequate. 
The model 151 was tested with the data published by Omanga, Summerfield, and 
Qi (9). In this study, the effects of temperature and photoperiod on duration of vegeta- 
tive stage of medium- and late-maturing pigeonpea cultivars have been studied in 
semi-controlled environment experiments in Kenya.. The details of the experiment 
could be found in Omanga et  al. (9). Duration of the vegetative stage for the six me- 
dium-maturing genotypes varied from 70 to 76 days in the most inductive regime 
(12.6 hours photoperiod, 24.3"C) and it was between 139 to 256 days in the least in- 
ductive treatments (15 hours photoperiod and 20.8"C). For this set of data parame- 
ters of the model [51 were calculated, .a1=-0.0797 for the most inductive regime, 
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Rates of development, l ld,  measured 
Fig. 6. 1 : 1 diagram for measured and calculated with the model [71 values of 
the pigeonpea development rates for the reproductive stage, rm=0.55. 
Fig. 7. Measured in ICRISAT rates of vegetative pigeonpea development as a 
function of temperature and photoperiod. 
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Fig. 8. Measured in ICRISAT rates of reproductive pigeonpea development as 
a function of temperature and photoperiod. 
and BP-0.096 for the least inductive one, and B3=0.0064. Comparison of rates of 
vegetative development calculated with the model [51 and measured in the experi- 
ments by Omanga et al. (9) showed that it was adequate. Model [51 was developed 
for the early maturing cultivars. Nevertheless, being parameterized for the medium- 
maturing cultivars grown in semi-controlled environments in Kenya, it is reproduced 
the measured data with a high quality, r2*=0.95. 
Three-dimensional plots in ICRISAT of measured rates of development on tempera- 
ture and photoperiod, Fig. 7 for the vegetative stage and Fig. 8 for the reproductive 
period, showed that: (a) the rates strongly and non-linearly depend on both, tempera- 
ture and photoperiod, (b) these dependencies are different before flowering and dur- 
ing the reproductive stage, and are much more complicated and non-linear for the 
reproductive period, and there are (c) significant interactions between two fac- 
tors. Fig. 8 showed that at higher temperature, rates as functions of photoperiod are 
close to linear dependence, but in a range of temperature between 25 and 28"C, there 
are strongly non-linear and complex dependences of the development rates on photo- 
period. In field conditions, the range in which photoperiod varies are quite narrow dur- 
ing the stage of development, and mathematically these dependencies could be 
considered linear. But these small variations of photoperiod make significant changes 
in rates of development, especially during the reproductive growth. 
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